In the present study, discrete trial familiarization/novelty techniques were used to study lightness constancy in 4-month-old infants. The test stimuli were real objects (paper smiley faces) of two diVerent reXectances, dark gray (17% reXectance) and light gray (54% reXectance). In Experiment 1, the test stimuli were viewed against a white (90% reXectance) surround, and in Experiment 2, against a black (4.6% reXectance) surround. In Experiments 1 and 2, the illumination was changed between familiarization and test phases of each trial. In Experiment 3, the reXectance of the surround was changed from white to mid gray (28.5% reXectance) between familiarization and test phases of each trial. With the white surround, the infants preferred the face with the novel reXectance, consistent with the presence of lightness constancy. With the black surround, the infants showed no preference between faces with novel reXectance vs. novel luminance. With the changing surround, the infants showed a small preference for the stimulus with the novel ratio, as opposed to the stimulus with the novel reXectance and the novel luminance. The results are discussed in the context of adult cues for lightness constancy, including white anchor points and local luminance ratios.
Introduction
A perceptual constancy can be deWned as a tendency toward the consistent perception of the properties of objects, despite variations in viewing conditions. For example, lightness constancy occurs when the perceived lightness (the perceived shade of white, gray, or black) of an object of Wxed reXectance remains constant over variations in illumination and/or in the characteristics of the surrounding stimulus Weld. Empirically, constancy is not an all-or-none phenomenon, and the degree of constancy varies with the stimulus conditions (for a review see Gilchrist et al., 1999) .
Previous studies of infant perceptual constancies suggest that some constancies are present, at least to a Wrst approximation, during the early post-natal months. These include shape (Caron, Caron, & Carlson, 1979; Slater & Morison, 1985) , size (McKenzie, Tootell, & Day, 1980; Slater, Mattock, & Brown, 1990) , and color constancy (Dannemiller, 1989; Dannemiller & Hanko, 1987) . Although lightness constancy has been studied in older children (Beck, 1966; Brunswik, 1956; BurzlaV, 1931; Katz, 1935) , to our knowledge there have been no studies of lightness constancy in young infants. The goal of the present work was to demonstrate the presence of lightness constancy in infants, and if it is present, to begin to explore the stimulus conditions that enhance or diminish it.
Lightness constancy in adults
Lightness constancy is an intricate perceptual problem. As with all constancies, the most common theoretical approach is to emphasize the role of cues-features in the retinal image that, across restricted ranges of conditions, carry information about the surface reXectances of the corresponding objects (Gilchrist et al., 1999) .
One of the classical lightness cues is known as the white anchor point (Gilchrist et al., 1999) . Consider a scene composed of a set of objects or surfaces of diVerent reXectances sharing the same illumination and the same orientation. Under these conditions, the highest luminance in the retinal image corresponds to the highest surface reXectance in the scene. If the highest luminance surface always has a high and constant reXectance-say, 90%-then one could validly identify it as such, and assign it a lightness of white. The high reXectance surface then provides a white anchor point cue, and comparison of the luminances of other regions to the region of highest luminance allows one to make accurate estimates of the reXectances of the other surfaces. However, if the highest luminance in a given scene arises from, say, an object with 50% reXectance, then the white anchor point cue will assign it an erroneous reXectance of 90%. All other reXectance estimates based on comparisons to the highest luminance region will also be erroneous. Thus, to the extent that it depends on a white anchor point cue, lightness constancy will fail when the white anchor point cue is invalid.
Similar arguments arise from consideration of the local luminance ratio cue (Wallach, 1948) . When an object of Wxed reXectance is viewed against a background of Wxed reXectance, the local luminance ratio-the ratio of luminances between the object and its background-remains constant across variations of illumination. Thus for a Wxed background reXectance, the local luminance ratio provides a valid cue to the relative reXectances of the object and the background, across changes in illumination. But if the background reXectance changes, this cue is no longer valid. Thus, to the extent that lightness constancy depends on local luminance ratio cues, it should fail when the background reXectance changes.
Along with the white anchor point and local luminance ratio, other suggested lightness cues include the mean luminance (Brainard & Wandell, 1986) , surface orientation (Ripamonti et al., 2004) , specular highlights (D'Zmura & Lennie, 1986) , illumination edges (Gilchrist, Delman, & Jacobsen, 1983) , and surface textures (Fleming, Dror, & Adelson, 2003) . Under favorable conditions, all of these cues are potentially available to support lightness constancy.
When lightness perception is measured in adult subjects under favorable conditions, one Wnds a high degree of lightness constancy. For example, Jacobsen and Gilchrist (1988) presented an array of Wve target patches with reXectances from 3% to 90% against a 20% reXectance surround, and varied the illumination over a six log unit range. They found little change in lightness matches to the target patches over the change of illumination. Supporting results for good color and lightness constancy under favorable conditions can be found in Brainard, Brunt, and Speigle (1997) and Brainard (1998) .
When lightness cues are eliminated or invalidated, lightness constancy suVers (for a recent study, see Robilotto & Zaidi, 2004) . For example, Gilchrist and Jacobsen (1984) eliminated any valid white anchoring cue by presenting observers with a room that was painted entirely matte black. Under these conditions, the room appeared mid gray rather than white or black, indicating a failure of both white anchoring and veridical perception of the black room surface. But some degree of constancy was preserved for test stimuli, in the sense that low-reXectance surfaces were judged to have a constant lightness across variations in illumination. Supporting results for reduced constancy without a white anchor can be found in Bruno et al. (1997) , Gilchrist and Bonato (1995) , and Kraft and Brainard (1999, for color constancy) .
Inconsistencies among local luminance ratio cues also interfere with lightness constancy. For example, in the common textbook demonstration of simultaneous lightness contrast (and cf. Agostini & Bruno, 1996) , two identical mid-reXectance test targets are shown, embedded in black vs. white surrounds. To the extent that constancy prevails, the two test targets will match in lightness. But the local luminance ratios are diVerent for the two targets, and perceptually, the target on the white surround appears as a darker gray than the target on the black surround. Experimental studies of the eVects of local luminance ratio cues in real scenes can be found in Gilchrist (1988) and Cataliotti and Gilchrist (1995) .
In summary, adult studies show that a high degree of lightness constancy can be found if one uses naturalistic viewing conditions containing many cues. When one eliminates or invalidates cues, the degree of constancy is reduced.
Novelty eVects as tools in studies of infant perception
One of the striking facts about infant behavior is that under many conditions, infants show strong looking preferences for novel stimuli. These novelty eVects provide a tool for use in studies of infant perception. In particular, two paradigms-the basic novelty paradigm (also called familiarization/novelty, or F/N) and the cross-familiarization paradigm (also called generalization)-can be used together to probe for the presence of perceptual constancies.
First, a basic novelty experiment is carried out with a pair of test stimuli for which novelty can be physically deWned. A novelty preference in the basic novelty experiment establishes the discriminability of the two test stimuli, as well as the presence of novelty eVects in the stimulus domain of interest. Once novelty eVects are established, cross-familiarization experiments are added. Various new stimulus dimensions are introduced and separately manipulated; for example, a novel luminance can be pitted against a novel reXectance and/or a novel local luminance ratio. The question is, in the cross-familiarization experiments, what dimensions of stimulus novelty control the infants' looking preference? Speaking at a more perceptual level, we assume that infants' novelty preferences are mediated by perceptual novelty in the cross-familiarization experiments. Thus, if a novel luminance is pitted against a novel reXectance, and the infant prefers the novel reXectance, we infer that the novel reXectance led to a more novel lightness percept than did the novel luminance. It follows that reXectance has a stronger inXuence than does luminance on the infant's perception of lightness under the conditions tested. If the infant preferred the novel luminance, the opposite conclusion would be drawn. In a nutshell, the stimulus dimension that controls the infant's novelty preference reveals the stimulus dimension that most strongly controls the infant's lightness perception under the conditions tested.
Lightness contrast in infants
In preparation for the present work on lightness constancy, we have recently applied these novelty paradigms to the study of infant lightness contrast (Chien, Palmer, & Teller, 2003 . We here describe Experiment 2 of Chien et al. (2003) as illustrative of both the paradigms and the experiments. In this experiment, the stimuli were two test disks embedded in a higher luminance surround, displayed on a video monitor.
In the basic novelty condition of the experiment, infants were Wrst familiarized to a pair of disks of identical luminance, embedded in a higher luminance surround. They were then tested with two test disks, one with the same luminance as the familiarized test disks and the other with a novel luminance. When the higher luminance test disk was used in the familiarization phase, infants preferred the lower luminance disk in the test phase, and vice versa. Thus, under these stimulus conditions, infants showed basic novelty preferences for test stimuli of novel luminances. However, the novel luminances also produced novel local luminance ratios, so the control of lightness by luminance vs. by local luminance ratio cues cannot be sorted out.
In the cross-familiarization condition, infants were again familiarized to a pair of test disks of identical luminance. The surround luminance was then changed, and the infants were tested with two test disks, one having a familiar luminance but a novel ratio to the new surround, and the other having a novel luminance but a familiar ratio. The infants preferred the novel ratio rather than the novel luminance.
Thus, under the conditions tested, the local luminance ratio exerts stronger control over the infant's perception of lightness than does the luminance per se. More generally, the data suggest that a local luminance ratio is computed by the infant visual system, and available as a cue for the purposes of lightness constancy.
Goals
The goal of the present project was to begin the investigation of lightness constancy in 4-month-old infants. Since the deWnition of lightness constancy hinges on the consistent perception of objects of Wxed reXectance, the test stimuli were real physical objects-smiley faces made from light gray and dark gray papers. They were displayed against real backgrounds of diVerent reXectances in a three-dimensional scene.
Three experiments were conducted using familiarization/ novelty paradigms. In each case, a basic novelty experiment established that infants could discriminate between the two test stimuli, and that novelty eVects occurred for the test stimuli and conditions used. Once novelty eVects were established, cross-familiarization experiments were conducted. In Experiments 1 and 2, respectively, a white surround (or background) and a black surround were used, and the illumination was changed between familiarization and test phases of each trial. In Experiment 3, the reXectance of the surround was changed between familiarization and test phases. A sustained preference for the object with the novel reXectance, across a change of illumination or a change of surround reXectance, is the signature of lightness constancy in this paradigm. In fact, infants showed lightness constancy with the white surround, but not with black or changing surrounds. As discussed below, these results implicate the importance of both white anchor points and local luminance ratio cues.
General methods

Subjects
Infants were recruited from the Infant Studies Subject Pool at the University of Washington. All infants were born within 14 days of their due dates, and had no history of color blindness or health problems by parents' report. Informed consent was obtained from parents on the Wrst day of testing.
In each session, the observer obtained as many trials as possible until the infant became sleepy or fussy. The minimal number of trials per session for data inclusion was 20 for each condition. The number of infants recruited and the number who provided completed data sets were as follows: Experiment 1: 17 recruited, 16 completed; Experiment 2: 23 recruited, 16 completed; Experiment 3: 18 recruited, 16 completed. Infants tend to become fussy in Experiment 2, possibly because of the low overall light level. For those infants whose data were retained, the mean number of trials obtained per session ranged from 33 to 37 across the various conditions.
Each infant was tested for two 1/2 h sessions on diVerent days within one week time span. A single experimental condition was used in each session. In Experiments 1 and 2, the two directions of familiarization were the within-subject variable. In Experiment 3, the two conditions of the experiment were the within-subject variable.
Apparatus and stimuli
In all experiments, test stimuli were displayed in a 61 £ 76.2 £ 61 cm (L £ H £ D) test chamber constructed from matte white foam board. In Experiments 1 and 2, respectively, the inner surfaces of the chamber were the matte white foam board of 90% reXectance ("white") or a matte black paper of 4.6% reXectance ("black"). The black surround had the appearance of black paper, and not the deeper blackness that can be created by spotlights and shadows (Gelb, 1929) . The infant viewed the test stimuli through a 20 £ 25 cm window in the front of the chamber.
The test stimuli were 12.7 £ 12.7 cm (15.8 £ 15.8 deg) square smiley faces (cf. Morton & Johnson, 1991) , as shown schematically in Fig. 1 . The two stimuli were separated center-to-center by 38 cm (47.5 deg), and positioned 15 cm in front of the back wall of the chamber. Test stimuli of two diVerent reXectances were used throughout all experiments; these reXectances were 17% ("dark gray") and 54% ("light gray"). The features on each face were made from papers of reXectances about a factor of 1.8 lower than the reXectance of the face.
The test stimuli were mounted on the surfaces of two triangular solids. Each solid was supported by a rod and could be rotated to display a test stimulus of either reXectance in either location. To adults, the stimuli appeared as Xat objects positioned several centimeters in front of the back wall of the test chamber, creating a three-dimensional display.
Two sets of six 4 W light bulbs were mounted symmetrically on the inside of the front of the chamber. Either 4 or 12 bulbs were turned on to produce the low vs. high illuminations used in the study, without changing the spectral composition of the light.
In Experiment 3, a pair of 56 £ 39 cm (L £ H) auxiliary surrounds with reXectances of 90% ("white") and 28.5% ("mid gray") were added to the chamber, positioned in the same depth plane as the test stimuli. These two surrounds could be exchanged quickly, allowing the reXectance of the surround to be changed between the familiarization and test phases of each trial. These surfaces were smaller than the back wall of the chamber. In consequence, a white frame of a width of about 10 cm, provided by the back wall of the chamber, was visible around three edges of the auxiliary surrounds, as shown in Fig. 1. 
Calibrations
ReXectances and illuminances were calibrated in situ with a 99% reXectance standard (Ocean Optics, Inc.). The test stimuli were made from New Color-Aid Grey Paper (series NJ). The dark gray face (17% reXectance, paper # 4.5) and the light gray face (54% reXectance, paper # 8.5) were used as the test stimuli in all experiments. The low and high illuminances were 420 and 1340 lx, respectively. The CIE 1931 chromaticity coordinates of the illuminants were x, y D (0.52, 0.41).
The luminances of the test stimuli varied with the reXectance of the paper lining the chamber. The luminance of the 54% reXectance (light gray) face at the low illumination level was 20.4 cd/m 2 in Experiment 1 but only 5.9 cd/m 2 in Experiment 2, because the black surround substantially reduced the scattered light within in the test chamber. Similarly, the luminance of the 17% reXectance (dark gray) face was 6.5 cd/m 2 in Experiment 1 but only 1.9 cd/m 2 in Experiment 2.
Experimental paradigm: Novelty preference techniques
Infant subjects were tested with discrete trial versions of the basic novelty and cross-familiarization paradigms, as recently developed in our laboratory , Chien, Palmer, & Teller, 2005 Civan, Teller, & Palmer, 2005; Teller et al., in press; cf. Orlian & Rose, 1997) . These techniques combine elements from classical novelty paradigms (Fagan, 1970) with the discrete trial approach found in forced-choice preferential looking (Teller, 1979) . That is, rather than a single long familiarization phase followed by one or a few test stimuli, the infant is tested with a series of quickly paced trials.
Each trial consists of a familiarization phase of a few seconds, followed by a test phase of similarly short duration. During the test phase of each trial, the observer integrates all available cues from the infant's looking behavior to make a single uniWed judgment of the side of the apparatus to which the infant prefers to look. The data are then scored to yield the percentage of trials on which the infant is judged to prefer a particular test stimulus (in this report, the dark gray face).
Experimental paradigm: Choice of stimulus dimensions
Two features of the stimulus design of our experiments warrant discussion. First, both the low and high reXectances of the test stimuli (17% and 54%) and the low and high illuminances (420 and 1340 lx) diVered by about a factor of three. In consequence, the luminance of the dark gray face under the high illumination approximately matched the luminance of the light gray face under the low illumination. Thus, in the cross-familiarization experiments we can oppose a stimulus with a novel reXectance and no change of luminance to a stimulus with a novel luminance and no change of reXectance, to see which form of novelty more closely controls the infant's preference. The positions of the novel reXectances and novel luminances are indicated below the stimulus icons in Figs. 2 and 5.
The second feature concerns local luminance ratios. In Experiments 1 and 2, in which the surround reXectance was constant throughout the experiment, changes in local luminance ratios covaried with changes in test stimulus reXectance, as indicated in Fig. 2 . But in Experiment 3, the reXectance of the surround changed between familiarization and test phases of each trial. This change produced a novel local luminance ratio, which occupied the stimulus location opposite to the novel reXectance and the novel luminance. Since local luminance ratios can be powerful determinants of perceived lightness for infants (Chien et al., , 2005 , it is possible that the infants' preference will follow the local luminance ratio.
It should be noted that luminances, luminance ratios, and stimulus reXectances are diVerent kinds of variables. Both luminances and local luminance ratios are stimulus variables, available from relatively simple analyses of the retinal image. In contrast, reXectance is a property of objects, not simply calculable from any of the characteristics of the retinal image except in simpliWed and constrained stimulus displays. In fact, one of the possible outcomes of the present experiments is that the infant will show lightness constancy-a continued preference for the novel reXectance-only when the novel reXectance coincides with a novel local luminance ratio. In this respect, Experiment 3 is of particular interest. Fig. 1 . Schematic illustration of the stimuli. Two test stimuli-gray papers of 17% reXectance (dark gray) and 54% reXectance (light gray)-were used in the test phases of all experiments. The test stimuli are shown embedded in a white (90% reXectance) surround, as used in Experiment 1; in a black (4.6% reXectance) surround, as used in Experiment 2; and in a mid-gray (28.5% reXectance) surround, one of the two surrounds used in Experiment 3. This schematic Wgure was produced using half-tones to help preserve the contrast relations on reproduction. The actual stimuli were not noticeably textured. Mid-Gray Surround
Procedural details
In the present experiments, two adults participated in testing each infant. The experimenter sat behind the test chamber, set up the test displays, and recorded the data. The observer held the infant in front of the window, viewed the infant's face through a video system, and judged the infant's looking preferences. No feedback was provided to the observer.
To begin an experimental run, the infant was allowed to view the familiarization stimuli freely for about 10 s, providing an initial exposure to the familiarization stimuli in use that day. After this initial exposure, and when the infant was judged to be alert and attending to the display, the Wrst trial of the experiment was initiated.
Each trial consisted of two basic phases, as shown in Figs. 2 and 5. In the familiarization phase the infant viewed two identical stimuli (e.g., the dark gray face) located at the left and right of center. No judgments were made during this period. The mean duration of the familiarization phase was about 3 s. The familiarization phase was followed by an interstimulus interval of 2-3 s, during which the infant was turned away from the window and the test display was set up.
The infant was then turned back to the window for the test phase of the trial. The observer was blind to the left-right locations of the test stimuli. The observer's task was to integrate all available cues provided by the infant's looking behavior, to make a forced-choice judgment of the side of the display at which the infant preferred to look. The mean duration of the test phase was 2-3 s. After the judgment the infant was again turned away from the display, and the display was prepared for the next trial. The mean duration of the intertrial interval was about 2 s.
Experiment 1: White surround
We chose to begin by testing the infants with light gray and dark gray test stimuli embedded in a large, contiguous white (90% reXectance) surround. This surround was the highest luminance in the display, and it provided a strong and valid white anchor point cue. In addition, local luminance ratios between the white surround and the test stimuli were Wxed and clearly deWned. Thus, these initial stimulus conditions were chosen to provide strong, consistent, and valid lightness cues, to maximize the likelihood that infants would show lightness constancy.
The experimental design of Experiment 1 is shown schematically in Fig. 2 . The upper panel of Fig. 2 shows the Constant Illumination condition-basic novelty experiments in which the illumination was held constant. As will be true throughout all conditions in all three experiments, the Constant Illumination condition of Experiment 1 had two variants, deWned by familiarization to each of the two face stimuli in turn. At the left, the infant is familiarized to the dark gray face (reXectance 17%) under the high illumination (1340 lx), and tested with dark gray vs. light gray (54% reXectance) faces under the same high illumination. At the right, the infant is familiarized to the light gray face under the low illumination (420 lx), and tested with dark gray and light gray faces under the same low illumination. Because the illumination does not change between familiarization and test phases of each trial, all three forms of novelty-a novel reXectance, a novel luminance, and a novel local luminance ratio-occur in the same test stimulus, as shown below the representations of the test phases in the upper panel of Fig. 2 .
The lower panel of Fig. 2 shows the Change of Illumination condition-cross-familiarization experiments in which the illumination changed between familiarization and test phases of each trial. In parallel to the Constant Illumination condition, the Change of Illumination condition had two variants. At the left, the infant was familiarized to the dark gray face under the high illumination, and then tested with dark gray vs. light gray faces under the low illumination. In this case, the dark gray face provides a novel luminance, whereas the light gray face provides a novel reXectance and a novel local luminance ratio. At the right, the infant was familiarized to the light gray face under the low illumination, and then tested with dark gray vs. light gray faces under the high illumination. In this case, the dark gray face provides a novel reXectance and a novel ratio, whereas the light gray face provides a novel luminance. If infants have lightness constancy, it is the novel reXectance rather than the novel luminance that will yield the novel lightness, and they should prefer the novel reXectance in each case, just as they did when the illumination did not change.
The results of Experiment 1 are shown in Fig. 3 . In this and all later graphs, the abscissa represent the reXectance of the familiarization stimuli. The ordinates show the group means of the infants' preferences for the dark gray face, and the error bars show the standard error of the mean.
In the Constant Illumination condition, the infants' looking preferences were strongly inXuenced by the choice of the familiarization stimulus. After familiarization to the dark gray face (FDG) vs. familiarization to the light gray face (FLG), the mean preferences for the dark gray face were 0.33 § 0.04 and 0.67 § 0.03, respectively. Thus, in each case the infants preferred the novel test stimulus on about 70% of trials. This diVerence is large-about 40 percentage pointsand highly reliable (t (7) D 7.1, p < 0.001). Thus, the data from the Constant Illumination condition show that the light gray and dark gray faces are discriminable, and that strong novelty eVects are present under the conditions tested. In the Change of Illumination condition, the infants strongly and consistently preferred the test stimulus with the novel reXectance (and the novel ratio), rather than the novel luminance. After familiarization to the dark gray vs. the light gray face, the mean preferences for the dark gray face were 0.34 § 0.02 and 0.70 § 0.03, respectively. This diVerence remains large and highly reliable (t (7) D 13.5, p < 0.001). Moreover, the preferences are highly similar for both conditions, for both the familiarized-to-dark-gray (t (14) D 0.7, p > 0.1), and familiarized-to-light-gray variants (t (9) D 0.4, p > 0.1), suggesting that the change of illumination makes little diVerence to the infant's perception of the lightness of the two test stimuli.
In sum, Experiment 1 shows that when a large, contiguous white surround is used, infants show strong basic novelty eVects. Moreover, their preference for the stimulus that provides the novel reXectance is sustained unchanged across a change of illumination. These data provide the signature of lightness constancy. We conclude that when the white surround is used, the available cues are suYcient for lightness constancy to occur.
Experiment 2: Black surround
Since infants showed lightness constancy under the conditions of Experiment 1, the goal of Experiment 2 was to use conditions that would be expected to reduce or eliminate it. Accordingly, in Experiment 2 a black surround (reXectance D 4.6%) was used. In all other respects, Experiment 2 followed exactly the same design as Experiment 1.
The adult lightness constancy literature suggests that lightness constancy is reduced with a black surround and dark environment (e.g., Gilchrist & Jacobsen, 1984) . This is so because the substitution of the black surround removes any valid white anchoring cue from the visual display. The local luminance ratios between test stimuli and surround are maintained. However, with no valid anchoring cue, luminance ratios are cues only to relative and not to absolute reXectances. Thus, when the illumination changes, there should be no valid basis for identifying a reXectance to which to assign any particular lightness, and lightness constancy should fail.
The results of Experiment 2 are shown in Fig. 4 . In the Constant Illumination condition, large novelty preferences are seen. After familiarization to the dark gray vs. the light gray face, the mean preferences for the dark gray face were 0.30 § 0.02 and 0.61 § 0.02, respectively. The diVerence in preference is highly reliable (t (8) D 8.8, p < 0.001), although somewhat smaller than that seen in Experiment 1.
However, in the Change of Illumination condition, the infants' preferences fell near 50% in both the familiarization-to-dark-gray and the familiarization-to-light-gray variants of the experiment. After familiarization to the dark gray vs. the light gray face, the mean preferences for the dark gray face were 0.46 § 0.02 and 0.52 § 0.03, respectively. The diVerence in preference is now small (only six percentage points) and not reliable (t (8) D 1.5, p > 0.1). Moreover, the diVerence between the Constant Illumination and Change of Illumination conditions is reliable in both the familiarized-to-dark gray (t (12) D 2.3, p < 0.05) and the familiarized-to-light-gray variants (t (12) D 2.3, p < 0.05).
In sum, Experiment 2 shows that the use of a black surround interferes with lightness constancy in infants. The results of the Constant Illumination condition make it clear that even with the black surround, the stimuli are discriminable, and basic novelty eVects occur. But in the Change of Illumination condition, infants no longer show a preference for the novel reXectance, and the signature for lightness constancy does not occur. We conclude that when the black surround is used, the available cues are not suYcient for lightness constancy.
The absence of familiarization eVects seen in the Change of Illumination condition of Experiment 2 is subject to several interpretations. The Wrst is that the two test stimuli were not discriminable. However, this option is ruled out by the basic novelty experiment, in which large novelty eVects were seen.
The second option is that when the illumination changes, both the reXectance-matched stimulus and the luminance-matched stimulus change in appearance, and both appear about equally novel to the infants. For example, both stimuli might have appeared to increase or decrease in lightness, such that neither one matched the lightness of the familiarization stimulus. There might be an intermediate degree of constancy that leaves both reXectance-and luminance-matched stimuli appearing equally novel.
The third possibility is that the change in illumination results in the intrusion of a new perceptual variable that is not speciWc to either test stimulus. For example, if the black surround itself changed its appearance when the illumination changed, the infant's gaze could have been attracted to random locations on the surround rather than to either of the test stimuli, resulting in chance performance. Distinguishing among these interpretations would require experiments with a wider range of conditions.
Experiment 3: Change of surround
In Experiment 3, we introduced two novel and opposing stimulus features into the display. First, the reXectance of the surround was changed between familiarization and test phases of each trial. But second, throughout the experiment, a distant white (90% reXectance) frame was present around three edges of the display (see Section 2 and Fig. 5) .
Changes in surround reXectance change the local luminance ratios of the test stimuli. Thus, if the lightness constancy seen in Experiment 1 depends mainly or entirely upon a local luminance ratio cue, lightness constancy should be reduced or eliminated in Experiment 3. On the other hand, the distant white frame remained present throughout the experiment, and provided a valid white anchor point. There is some controversy as to how the eYcacy of a white anchor point varies with distance (Cataliotti & Gilchrist, 1995; Zavagno, Annan, & Caputo, 2004) . But if the lightness constancy seen in Experiment 1 depends mainly or entirely on a white anchor point cue, and if the white anchor point cue can act across substantial distances, then lightness constancy could be maintained in Experiment 3. Thus, the goal of Experiment 3 was to see whether, in these new stimulus conditions, constancy would be eliminated (implicating the local luminance ratio cue as the dominant cue) or maintained (implicating the white anchor point cue and establishing that it can work across large distances).
The experimental design of Experiment 3 is shown in Fig. 5 . The upper panel of Fig. 5 shows the two variants of the Constant Surround condition. At the left, the infant is familiarized to two dark gray faces embedded in the midgray (28.5% reXectance) surround under high illumination, and tested with dark gray vs. light gray faces with the same surround. Similarly, at the right, the infant is familiarized to two light gray faces embedded in a white surround under low illumination, and tested with dark vs. light gray faces with the same surround. Since the only change between familiarization and test phases is that one of the two faces is changed to a novel reXectance, with concomitant changes in luminance and local luminance ratio, straightforward novelty eVects are predicted.
The lower panel of Fig. 5 shows the Change of Surround condition. In this condition, the reXectance of the surround is changed between familiarization and test phases of each trial. At the left, the infant is familiarized to two dark gray faces embedded in a mid gray surround, and tested with a dark gray and a light gray face in a white surround. At the right, the infant is familiarized to two light gray faces embedded in a white surround, and tested with a dark gray and a light gray face in a mid gray surround. In both variants, the novel test stimulus provides both a novel reXectance and a novel luminance, whereas, the familiarized stimulus provides a novel local luminance ratio. The results of Experiment 3 are shown in Fig. 6 . In the Constant Surround condition large novelty eVects were again seen. After familiarization to the dark gray vs. the light gray face, the mean preferences for the dark gray face were 0.32 § 0.02 and 0.72 § 0.03, respectively. This diVerence is highly reliable (t (8) D 11.8, p < 0.001).
In the Change of Surround condition, both diVerences from .5 were in the opposite direction from those expected under lightness constancy (cf. Fig. 3 ). After familiarization to the dark gray face, the mean preference for the dark gray face was 0.59 § 0.02, reliably above 0.5 (t (7) D ¡3.75, p < 0.01). In other words, there was a small but clear mean preference for the novel ratio, rather than for the stimulus with both the novel reXectance and the novel luminance. After familiarization to the light gray face, the mean preference for the dark gray face was 0.46 § 0.04, which was below, but not reliably diVerent, from 0.5 (t (7) D ¡1.07, p > 0.05). The diVerence in preference between the Constant Surround and Change of Surround conditions was highly reliable, both for familiarization to dark gray (t (14) D 8.2, p < 0.001), and for familiarization to light gray (t (13) D 5.7, p < 0.001).
In sum, Experiment 3 shows that changes of surround reXectance interfere with lightness constancy in infants. The Constant Surround condition shows that the test stimuli are discriminable and that basic novelty eVects occur. But in the Change of Surround condition, infants no longer prefer the novel reXectance. Thus, they do not show the signature for lightness constancy. We conclude that with a changing surround, the available cues are not suYcient for lightness constancy to occur.
Discussion
To our knowledge, the present experiments are the Wrst to show that infants have lightness constancy. In Experiment 1, our stimulus display contained both a strong white anchor point and Wxed local luminance ratios, and strong evidence for lightness constancy was obtained. The Experiments 2 and 3 also show that when less favorable cue combinations are used, lightness constancy is not seen. These results are parallel those seen when the same cues are varied in similar ways in adults (Gilchrist et al., 1999; Gilchrist & Jacobsen, 1984) .
We now turn to a discussion of white anchor point and local luminance ratio cues in our experiments, before concluding with some suggestions for future experiments.
White anchor points
Our data bear on the question of white anchoring points in three ways. First, in Experiment 1, the white surround was intended to provide a strong, valid white anchor point cue, and clear evidence of lightness constancy was found. In contrast, in Experiment 2 the black surround was intended to invalidate any white anchor point cue, and in fact, no constancy was seen. It seems highly likely, therefore, that a valid and eVective white anchor point cue is critically important for lightness constancy in infants, even in the presence of Wxed local luminance ratios (cf. Wallach, 1948) .
Second, in Experiment 2, in which the black surround was used, the test stimuli were of higher luminance than the surround. Under these conditions it can be argued that in each case, the test stimulus with the highest available luminance in the scene might and serve as a white anchor point. If so, the anchoring function could be performed by the higher luminance test stimulus in each display. If this were true, then for familiarization to the light gray face, the light gray face would look white during both familiarization and test phases. In the test phase, the novel stimulus would be the dark gray face, and the dark gray face should be preferred. For familiarization to the dark gray face, however, the dark gray face would look white during familiarization, but the light gray face would look white during the test phase, and the infant would again prefer the dark gray (familiarized) face. These arguments should hold for both the basic novelty conditions and the cross-familiarization conditions of Experiment 2. Since this consistent preference for the dark gray face did not occur (cf. Fig. 3) , we conclude that the highest luminance test stimulus is not a suYcient white anchoring cue under our conditions. Possibly this is because the test stimuli are small, or do not provide a suYciently global framework to perform the anchoring function (Gilchrist et al., 1999) .
And third, in Experiment 3, the visual display included a distant white frame that always remained visible. There are claims in the adult literature that a higher luminance stimulus, even at a distance, can be an eVective anchor for the perception of the lightness of other stimuli in the scene (Cataliotti & Gilchrist, 1995) . But if the distant frame were acting as an eVective white anchor point in our experiments, then constancy-a preference for the novel reXectance-should have been seen in Experiment 3. In fact, preferences in these experiments were either at 50%, or Fig. 3 . In the Constant Surround condition, the infants again show clear novelty preferences. In the Change of Surround condition, the infants do not prefer the novel reXectance, and thus do not show lightness constancy. Instead, they show small but consistent preferences for the novel local luminance ratio. weighted in favor of the novel local luminance ratio rather than the novel reXectance. Thus, the distant white frame was not a suYcient anchoring cue to yield lightness constancy in infants under our conditions.
Local luminance ratios
We now turn to the question of local luminance ratios. In both Experiments 1 and 2, surround reXectances were Wxed. In consequence, across changes of illumination the familiarized test stimulus maintained a consistent ratio to the surround, and the novel test stimulus produced a novel ratio. If Wxed local luminance ratios were suYcient to support lightness constancy, lightness constancy should be present in both experiments. However, as discussed in the Introduction, Wxed local luminance ratios provide only cues to relative reXectance. In the absence of an eVective and valid anchoring cue, the Wxed local luminance ratios in Experiment 2 should not be valid cues to absolute reXectances. And in fact, Wxed local luminance ratios were not suYcient to produce lightness constancy under our conditions.
At the same time, evidence for the importance of local luminance ratios can be found in Experiment 3. As discussed earlier, in the familiarized-to-dark-gray variant of the Change of Surround condition, familiarization to the dark gray face led to a small but reliable preference for the dark gray face in the test phase-a preference for the novel ratio rather than the novel reXectance, and a violation of lightness constancy by our original deWnition. These results suggest that when the surround changes, the resulting local luminance ratio dominates perceived lightness, acting to the detriment of lightness constancy.
Future studies
Throughout these experiments, the two test stimulus reXectances and the two illuminants each diVered by a factor of three, with the deliberate consequence that there was a luminance match between the lower reXectance face under the higher illumination and the higher luminance face under the lower illumination. This choice allowed us to set up two alternative hypotheses in Experiments 1 and 2: the constancy hypothesis, which predicts a preference for the novel reXectance (the familiar luminance) in the test phase of the cross-familiarization experiments; and the luminance hypothesis, which predicts a preference for the novel luminance (the familiar reXectance).
However, in principle one is not just interested in choosing between two hypotheses; instead, one is interested in measuring the infant's lightness matches under various conditions. In fact, the infant's lightness match could fall at the constancy prediction, or at the luminance prediction, or anywhere in between or beyond these limits. An example arises from the Change-of-Illumination condition of Experiment 2, in which the infants' preferences fell close to 50%, disconWrming both of the original two hypotheses but giving no indication of the infant's lightness match.
In such a case it would be interesting to adopt a Wxed standard stimulus, and test each of many test stimuli against it, to seek out the infant's preference minimum. The underlying assumption of this design is that the infants' varying preferences correspond to varying degrees of perceptual similarity. The preference maximum can be taken to reveal the maximum perceptual change, and the preference minimum can be taken to reveal the minimal perceptual change, or the lightness match, between familiarization and test stimuli (Chien et al., 2005) .
It would also be interesting to explore the range of surround reXectances that leads to good lightness constancy as deWned by our techniques. For example, in the absence of any white anchoring stimulus, a very light gray-say, 70% reXectance-surround would probably be erroneously perceived as white. Such a surround would provide an invalid but Wxed white anchor point, and could lead to good lightness constancy in the sense that a Wxed reXectance stimulus could be perceived as having a Wxed, if non-veridical, lightness across changes in illumination (cf. Gilchrist & Jacobsen, 1984) . Systematic variations of the size and location of the white anchoring frame (cf. Cataliotti & Gilchrist, 1995; Zavagno et al., 2004) would also be of interest. In particular, it would be nice to know whether the introduction of the white frame would help to restore lightness constancy with the black surround.
In summary, we have explored a small set of conditions under which lightness constancy occurs and does not occur in 4-month-old infants. Like adults, infants show constancy under the most favorable conditions, and not under less favorable conditions. It remains to be established how close the similarities of detail are between the two age groups. In any case, these data provide only an initial skirmish with the problem of lightness constancy, which in the end is likely to prove as knotty in infants as it is in adults.
